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A few remarks on Dark Matter (DM) models are presented. An example is Mirror 
Matter which is the oldest but still viable DM candidate, perhaps not in the purest 
form. It can serve as a test-bench for other analogous DM models, since the proper- 
ties of macroscopic objects are quite firmly fixed for Mirror Matter. A pedagogical 
derivation of virial theorem is given and it is pointed out that concepts of virial 
velocity or virial temperature are misleading for some cases. It is shown that the 
limits on self-interaction cross-sections derived from observations of colliding clusters 
of galaxies are not real limits for individual particles if they form macroscopic bodies. 
The effect of the heating of interstellar medium by Mirror Matter compact stars is 
very weak but may be observable. The effect of neutron star heating by accretion 
of M-baryons may be negligible. Problems of machos as Mirror Matter stars are 
touched upon. 



1. INTRODUCTION 

Dark Matter (DM) remains one of the main puzzles in modern physics and astrophysics. 
In this paper I have collected a few notes on one DM candidate, namely. Mirror Matter. I 
do not attempt to give a full review on the subject: only some comments on Mirror Matter 
properties from the point of view of astrophysics are put forward. The comments may be 
useful for particle physicists working on new models for DM, e.g. from hidden sector, because 
Mirror Matter serves as an example of the model, where not only particle properties, but 
also the properties of macroscopic objects are quite firmly fixed and well known. 
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2. DARK MATTER MANIFESTATIONS 

If Newton-Einstein's law of gravity is not modified at large scales, then DM manifests 
itself in many circumstances. 

First, in 1933, Fritz Zwicky has discovered virial paradox in Coma cluster of galaxies [1]: 
velocities of galaxies, Wgai, are on average much higher there than can be expected from an 
estimate of gravitational potential using only the mass of visible matter, M^is- 

We will discuss below more accurate formulation of the virial theorem, and dangers of using 
notions like the "virial velocity" (Uyir in the above expression) in some situations. But here 
the discrepancy is real. Zwicky immediately suggested the presence of "dunkle Materie" [1], 
i.e. the Dark Matter to remove the discrepancy. 

Very soon, just after the paper by Einstein [2] on gravitational lensing (already discussed 
by Chwolson [3] for ordinary stars), Zwicky has proposed that the presence of DM can be 
tested by the effect of gravitational lensing [4, 5]: this what we call now macrolensing. It is 
interesting to note that the idea was suggested to Zwicky by Vladimir Zworykin - the Father 
of television. (Zwicky writes in [4] that Zworykin has got the idea from R.W.Mandl, but I 
could not find a reference to any paper by R.W.Mandl on that.) Many wonderful examples 
of macrolensing are known now, like multiple images of distant quasars and galaxies, and 
they all show that the mass of the lens (an intervening cluster of galaxies) must be much 
larger than the mass of visible component in the lens (again, if general relativity gives the 
true description of gravity at relevant distances). The lensing on early stages of research was 
also discussed by Tikhov [6, 7]. Other tools, important especially for compact dark objects, 
like microlensing were developed later [8-14], see a review in [15]. 

Very important for DM studies is the dynamics (e.g. rotation curves) of galaxies, also first 
proposed by Zwicky in 1937 [16]. Real measurements of missing mass growing with radius 
in M31 (Andromeda) galaxy have been performed already at that time [17]. But Zwicky's 
seminal ideas and papers were almost forgotten, and rediscovery of DM occurred only four 
decades later, in 1970s. Then it was much more popular in USSR, than in the West, where 
it was accepted only after strong resistance, see the review by Einasto [18]. 

New evidence in favor of DM came from discovery of huge amount of X-ray emitting gas 
in clusters of galaxies. Mass of this gas is order of magnitude larger than the total visible 
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mass of galaxies, but still not sufficient to resolve the virial paradox. The temperature of 
the gas, T ~ a few keV, corresponds to the velocity of protons of the same order as relative 
velocities of galaxies Ugai in a cluster. The hot gas cannot be trapped by the gravity of visible 
baryons, and this also points to the need of DM. 

More detailed history of DM discovery see in [18-21]. 

Probably, the most important manifestation of DM is its influence on structure forma- 
tion. A homogeneous universe in Friedmann solutions contains no galaxies or clusters - no 
structures. Matter in Universe was initially almost uniform, with small perturbations left 
after inflation [22-29] (or another initial stage, e.g., in cyclic scenarios [30]). After the recom- 
bination gravity enhances the density contrast, leading to the formation of structures when 
the self-gravity of an over-dense region becomes large enough to decouple the blob of matter 
from the overall expansion. Cosmic Microwave Background (CMB) fluctuations tell us that 
perturbations in density of baryons at epoch of recombination at redshift z — z^ec ~ 10^ 
were on the level of 10~^. They can grow only as the scale- factor a oc (1 -|- 2;) according to 
the Lifshits theory of growth of small perturbations in an expanding universe. Thus, now, 
at ^ = 0, we would get not more than 1% fluctuations of density, contrary to the observed 
structure. 

DM particles can have larger amplitude of density perturbations and they begin to form 
structures earlier, while the baryonic matter is overwhelmed by photon pressure until the 
time of recombination. If DM dominates in gravity, the "dark matter boost" is provided for 
structure formation in visible matter, see e.g. [31, 32]. 

3. DARK MATTER CANDIDATES AND MIRROR MATTER 

Current estimates of the fraction of DM in the average density of Universe are around 
25% (assuming standard gravity), while baryons cannot contribute more than a few percent 
as found from abundances of light elements in primordial nucleosynthesis [33] and analysis 
of CMB [34]. 

If Dark Matter is real and non-baryonic, the most acute question is: "What is DM made 
of"? A clear and consize introduction to possible DM candidates is foind in G.Raffelt's 
reviews [35, 36]. From the last one, at "The Dark Universe" conference, Munich, May 2004, 
one can point out a few probable models for DM. 
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- Supersymmetric particles — neutralino for heavy WIMPs (weakly interacting massive 
particles), or gravitino for lighter ones and their clusters. 

- Axion-like particles and objects made of those particles. 

- Mirror Matter particles and objects [37]. This is not so popular now as a DM model, 
but actually it is the oldest proposed candidate. 

In spite of years of intensive search for WIMPs, nothing yet is discovered in laboratory! 
That is why Mirror Matter = MM is still a viable Dark Matter candidate: MM particles 
in the simplest MM model interact with ordinary matter only gravitationally (if we do 
not involve weak electromagnetic coupling like in [38]), and they can not be detected in 
laboratory experiments. 

Neutralino and axions have electromagnetic interactions (on weak scale). MM in pure 
form has no electromagnetic (or other standard model) interactions with Ordinary Matter 
= OM, only gravity. MM has analogs of all "our" interactions within Mirror sector. There 
are also models with slightly "broken" Mirror symmetry which have weak electromagnetic 
coupling to OM. 

Hypothesis on existence of invisible (or Dark) Mirror Matter was put forward by Kobzarev, 
Okun and Pomeranchuk in 1966 in the paper "On the possibility of observing mirror par- 
ticles" [37] after the discovery of P- (1956) and CP-parity non-conservation (1964), when 
the mirror asymmetry of visible matter had become obvious. They have considered possible 
consequences of existence of matter which is mirror relative to our matter. 

The history is often distorted in modern revues: Lee and Yang [39] introduced a concept 
of right-handed particles, but their "R-matter" was not hidden! - as some of recent papers 
claim, e.g. [40]. An exact citation from [39] reads: 

"... the interaction between them is not necessarily weak. For example, and pl could 
interact with the same electromagnetic field and perhaps the same pion field. They could 
then be separately pair-produced, giving rise to interesting observational possibilities". 

Kobzarev, Okun and Pomeranchuk [37] have shown that common electromagnetic and 
strong interaction of O and M particles are not allowed, this would contradict experiments. 
They demonstrated that only gravity and very weak interaction were possible between the 
two kinds of particles. So, it was shown that Mirror Matter lies in the hidden sector for 
the first time in [37]. The hidden world of Mirror Matter has the same microphysics as the 
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"visible" one. The term "Mirror Matter" was introduced first time also in [37]: it was taken 
by the authors from the book by Lewis Carroll "Through the Looking-Glass". 

Another important paper by L.B. Okun, "On the search for new long-range forces", [41, 42] 
discussed other DM forms. The idea of MM search by the effect of gravitational lensing was 
also put forward in [41, 42]. 

Our papers with M.Yu.Khlopov "On possible effects of 'mirror' particles" [43-47] began 
systematic studies of astrophysics of MM as a form of DM. 

After [37] about 300 papers have been published (among them e.g. Z.Berezhiani, R.Foot 
were very active, e.g. [48-50]), an extensive review of the literature on the subject is written 
by Okun [51]. More recent (brief) review by Z.K. Silagadze has an intriguing title "Mirror 
dark matter discovered?" [52]. However, to remove the question mark in this statement 
would be premature: Mirror world is still hidden from us. 

4. VIRIAL PARADOXES 

The discovery of DM by Zwicky was based on virial theorem. Here I derive the virial 
theorem and show that for some DM candidates its application is not trivial. We have for 
energy ii^ of a stationary state for a system with Hamiltonian H 

5Etot ^5^- HH) = 

in the first order of perturbation of its wave function Sijj, i.e. the variational principle in 
quantum case. This is a starting point for seeking for the estimates of the ground state energy 
of quantum systems using trial approximation functions for in standard applications of 
the variational principle. More interesting for us is the virial theorem. Compare the text 
below with derivation of virial theorem by Fock [53] in a quantum system, here I present it 
for a particular N-body problem with Coulomb potential. 
Let us take a perturbation of the form: 

so the wave function is uniformly changed for all 3A'^ space coordinates. The coefficient a^^^"^ 
is from normalization to unity. Note, that a > 1 here corresponds to the compression of the 
whole system. 
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Schrodinger equation: 



at 



with 



2m,- 

3 ■' 



gives after averaging 

{H) = {E^^) + {U). 
Now we have after the perturbation: 

because for non-relativistic (NR) particles, £^kin oc oc 1/A^, i.e. 

(5^V'(. . . . . .) 2^^'^'^ 

9xf dxf ' 

The variation of U depends on the law of interaction. For Coulomb (and Newton!) 
interactions 



(C/)oc j^^*—'il^d''r^a{U). 



Thus 

(i/)^a2(£;kin) + «(C/), 

and variation of this gives 

5{H) = 2Q;5a(Ekin) + = 0, 

so with a = 1 for unperturbed state we find 

2(£;kin) + {U) = 0. 

This is the virial theorem for atomic Coulomb potential and for globular stellar clusters, and 
for clusters of galaxies as well! See the use of Schrodinger equation for stellar dynamics in 
[54, 55]. 

For all those systems (NR atoms or plasma, NR stars and clusters) 

SO the loss of total energy £ corresponds to the growth of the kinetic energy (-Ekin) • The 
same is true for the internal energy of matter if it is in the form of kinetic energy of particles. 
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We should remember that we derived this based on the stationary quantum state which 
corresponds to an orbit in a classical cluster. The cluster must be in a relaxed (so-called 
"virialized") classical state, i.e. it should be considered on a time-scale much longer than the 
orbital period. Otherwise, e.g. on a stage of violent relaxation, the virial theorem cannot be 
applied. 

Now let us consider non-interacting particles in a potential well. From Schrodinger equa- 
tion for NR particles (and also for classical objects!), if C/ oc r^, we find in the same way as 
above: 



li k — —1 we have Coulomb and Newton laws, for /c = 2 — a harmonic oscillator. 

The case k — > -|-oo corresponds to a hard refiecting wall, then (U) tends to zero relative 
to (£'kin), but the variation of (U) is always of the same order as the variation of (£'kin)- 
Since the 'force' on the particle is — VC/, we define pressure P (i.e. the 'force' on unit area, 
^4 = 1, of the wall) so as 



For our variations V — > V/a^, and when we express variations of H again through a, we get 



i.e. the same relation as in classical derivation when the moments of equation of motion are 
averaged in time (see e.g. Kubo's textbook on statistical mechanics). 
Thus, we have for pressure in NR case: 



Important for us is also an extremely relativistic (ER) case [53]: -Ekm oc p oc 1/A, then 



2(Ekin) -k{U) = 0. 



S{U) = PA6x = PdV. 



2(£;kin)-3py = o, 




so 




For ER case: 



(£^kin) + {U) = 0. 
„ 1 
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and 

-Skin = -^thermal ~ ^ j ■ 

and from virial theorem in both NR and ER cases we have got 

3 J PdV +{U) = Q. 

Of course this relation is valid for arbitrary P — P{e) and its derivation can be found in 

standard textbooks. 

Now let us discuss why it is dangerous sometimes to use the virial theorem and to rely 
on Tvir and Vyir for DM particles with long-range interactions. 

For U ~ —Gj^M^/R, omitting all coefficients of order unity, we find that pressure and 
density in the center of a spherical cloud of mass M and radius R are: 

„ GnM^ M 

and we have 

So, if we have a classical ideal plasma with P = TZpT/fi, where TZ is the universal gas 
constant, and p — mean molecular mass, we get 

n 

With ^ ~ 1 for hydrogen-helium fully ionized plasma we get for the Sun Tc ^ 10'' K ^ 1 
keV. This is OK for "virial" velocity v^-^^ (p ^q/Rq ~ 10~^ (although less than for 
neutrals!). The temperature Tc may be called a "virial" Tyir for ions, but not for electrons, 
the latter have much higher velocity than "virial", since they have the same temperature but 
much smaller mass. 

The discrepancy is much larger in degenerate stars. E.g. in Sirius B, with its central 
density higher than lO^g cm^"^, we have velocity of electrons ~ c (due to high Fermi momenta 
in degenerate electron gas) and velocity of ions tends to zero. They are hot enough to form 
a classical ideal plasma, but T of course is quite different from the classical virial value. 

This has direct relevance to DM studies. One can imagine a DM candidate like a neutrino 
of a few eV mass. It will determine the mass of a cluster or super-cluster of galaxies [56], 
but Tyir loses its sense when degeneracy becomes important. Situation with long-range 
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forces (like, e.g., in models for hidden charged Dark Matter [40]) is analogous with ordinary 
plasma, and neither virial velocity, nor virial temperature are appropriate concepts for DM 
candidates of this sort. 

This paradoxical conclusion does not mean that the virial theorem is not valid. Simply 
its standard derivation, and the formula 3 / PdV + (Ug) = 0, where Ug is the gravitational 
potential energy, mask the fact that all other types of potentials must be accounted for. 
Inside a star electrons always have velocity much higher than Uyir, either due to temperature 
which must be equal to that of ions, or due to high Fermi momentum in a cold star. So 
electrons tend to fly away from the gravitational potential well, and immediately a very small 
polarization of plasma occurs. Electrons feel electrostatic field which accelerates them much 
stronger than gravity because of their small mass. Ions feel electric force of the opposite 
sign which equilibrates the gravity. With account of the electrostatic potential, added to the 
gravitational potential in the virial theorem, the particles of different sign have velocities of 
the right order. 

The concept of pressure P has to be used with care as well. In a degenerate dwarf the 
pressure of electrons is much higher than the pressure of ions, but it cannot be said in general 
that P describes the transfer of momentum in collisions of electrons and ions, like in classical 
fluids: there are no individual collisions for degenerate particles. Electrons cannot lose their 
momentum: the lower states are all occupied. They are in steady states (without collisions) 
in a potential well of electric field with a size of star. Ions may form an ideal gas, or liquid, 
or even a crystal and they are supported against the gravity by the volume force of the same 
electric field. So P enters here not like a surface force on a "brick wall", but just as a fiux of 
momentum per unit time mediated by electric field. 

5. ACCRETION ONTO M-OBJECTS 

Some popular DM candidates like neutralino are not quite "dark". They may, e.g., anni- 
hilate and produce gamma-rays. Actually, this is one of the most promising way to identify 
them in space. 

Pure MM manifests itself via gravity only. The only source of radiation of 0-photons 
by an M-star is the accretion of the 0-matter. The term "accretion" denotes here not only 
the capture of matter by a star, but the whole complex of the processes of gravitational 
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Figure 1. Possible regimes of accretion onto an M-object moving super- 
sonically through 0-matter from [43]: 

a) i? 4C Ra ; HS denotes a head (bow) shock, TS — a possible trailing shock; 
the matter is partially captured and cools down in the potential well of M- 
star. 

b) i? « Ra', S is a shock front; the matter is virtually not captured. 

c) R > {u/us)Ra; WS denotes a weak shock (in general, presumably, may 
not form at all); the matter flow is only slightly perturbed, no capture. 

interaction of the M-star with the surrounding 0-medium. MM stars may accrete ordinary 
matter and one may hope to detect a signal of an unusual accreting object. Early proposals 
to search MM objects along these lines have been put forward in [43, 46, 47]. 

Standard accretion of gas on gravitating center is described by so called Bondi-Hoyle- 
Lyttleton (BHL) theory, see the review by R.G. Edgar [57] for references. Details of accretion 
of non-interacting particles on a gravitating center are considered in [58, 59]. 

According to the classical theory of accretion, the gravitating body of mass M effectively 
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captures the matter within the accretion radius 

Ra = 2GM/V? , 

where u is the velocity of the body's motion through the medium in the supersonic case, or 
the sound speed in the medium, Ug, in the subsonic case. We may use very crude estimates 
here, so the sound speed is roughly related to the temperature by kT — mul. The square 
of Ra gives the cross-section oc 'kR\ and the result is essentially the same as for Rutherford 
scattering (replacing GM by Ze). 

For M > 10 kni/s the relative motion is supersonic, since Us — 10 km/s for the temperature 
of the medium T ~ 10"^ K. Supersonic accretion onto M-star was considered qualitatively by 
us [43, 46, 47]. If the radius of a star R is much smaller than i?^, then accretion must be 
similar to accretion onto a black hole or a neutron star but there is no trapping surface. For 
larger radii there are different regimes possible, see Figure 1, depending on ratio of the star 
radius R and the accretion radius Ra- 

For a very large radius R there is hardly any hope to detect the emission of the perturbed 
gas. So the case R <^ Ra which obtains easily for normal stars, and is especially good for 
white dwarfs and neutron stars, is worth to study. This case must be close to the BHL 
accretion. 

For such a case G. S. Bisnovatyi-Kogan at al. [60] have found a self-similar solution for a 
gas with constant adiabatic exponent 7. This solution has some singularities and numerical 
results [57] show a different picture, more similar to our Figure la. 

Using formulae for accretion rate one can estimate the amount of mixing of O- and M- 
matter. From 

2GM ^ M 1 

Ra = ~ 3 X 10^^—— cm, 

we get Ra about tens a.u. for M = Mq. If p ~ mpfi is the density of the surrounding 
medium then maximizing the classical expression for a rate of accretion we get 



and for n ~ 1 cm"^ a star accretes 3 x lO^^/wg g in 10^° yrs, a bit heavier than Earth mass. 
Luminosity of infalling gas is approximately given by 
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where (po is the characteristic value of the gravitational potential in the place of the stopping 
of the infalling matter. If the radius of an accreting M-star R is of order of the neutron star 
radius, then R <^ Ra, (po ~ O.lc^ and L will approach a few percent of Solar luminosity for 
a single M-star. Luminosity may be much higher in a binary of 0-M stars, however, the 
probability to find such a binary is very low [46, 47]. 

It is clear that to discover a MM star by its accretion of ordinary matter is extremely hard. 
It is hard even for a single old neutron star made of ordinary visible matter. Nevertheless, 
the chances are not absolute zero. Crude estimates of radiation fluxes produced by accretion 
onto a MM star (or any other hidden matter star) can be obtained as follows. 

Particle number density can reach n ~ 10^ cm^^ in molecular clouds. It can be higher in 
a binary in a young stellar cluster. Then for a MM neutron star one gets up to L ~ 10^® 
ergs/s at n ~ 10^ cm~^. For a MM white dwarf the luminosity L ~ 10^^ ergs/s, but the 
number of MM white dwarfs should be much larger. 

It is hard to predict the spectral distribution without detailed computations. The hardest 
part of the spectrum should be determined by the stopping radius (if there is no strong non- 
thermal tail). For a neutron star it may go to X-rays. It might be softer for a white dwarf. 
But in both cases there is no solid surface for 0-matter in the beginning of accretion. Later, 
after accumulation of some amount of ordinary matter, such a surface may build up, and 
spectrum will change. 

The soft part of the spectrum may be determined by a total area of excited region and 
by coherent radio emission. For a black body and a surface of 4:TrR\ this implies Tbb ~ a 
thousand K, and a near IR wave-range for the maximum for this high L ~ 10^^ ergs/s. But 
for L ~ 4 X 10^^ ~ O.ILq the Wien peak is already in sub-mm range. 

If we have a sensitivity of 3 mJy then to detect an object located at 100 pc we need 
it to have a luminosity not less than L^, ~ 10^^ ergs/(s • Hz). Thus, an instrument like 
RadioAstron may detect an accreting MM white dwarf if only ~ 10~^ of its weak luminosity 
at n ~ 1 cm"^ (~ O.OOIL©) goes into radio (for u < 25 GHz). Or much smaller fraction: 
-|^Q-io _ pg^gg of L ~ 10^^ at n ~ 10^ cm~^. This is quite plausible. 
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6. HEATING OF NEUTRON STARS BY MM 

Now let us consider an opposite case: accretion of MM onto an 0-star. It should have 
quite similar patterns of flow as in Figure 1 changing the flavours of particles accordingly. 
Effects of trapping MM by 0-stars were discussed in our old papers [43, 46, 47]. 

An interesting effect is discussed in paper [61]: one can think that neutron stars capturing 
mirror matter could be heated at the order of 100 MeV per mirror baryon. The cause of the 
heating can be ascribed to the necessity to emit the excessive binding energy: after accretion 
the final state has more mirror baryons than the initial state, the number of ordinary baryons 
is constant, but the energy per ordinary baryon is lower. Effectively the 0-baryons fall into 
a deeper potential well. 

I show that the number of 100 MeV per mirror baryon in heating is a strong overestimate. 
During the process of accretion of M-baryons the matter in neutron star really goes down 
into a deeper potential well. But it is compressed due to slow accumulation of MM, and this 
process is purely adiabatic for 0-matter and there is no heating in 0-sector. All heating 
and emission and restoration of energy balances occur in mirror-sector. I propose several 
simple Gedankenexperiments illustrating that. 

Let us have an 0-neutron star and cover it with an ideally refiecting surface. Let this 
star be ice cold. Let us call the baryons in this star "blue" ones. Let "red" (ordinary matter) 
baryons fall slowly onto this star. Of course they will emit radiation, but let the accretion 
rate be slow enough for them to cool down to the same ice temperature. The reflecting 
surface between blue and red baryons does not allow the interiors to absorb any radiation. 
The total mass of "red matter" grows together with the gravitational binding energy, total 
energy of "blue matter" decreases, the blue interiors do compress indeed, but they remain 
ice cold! 

Now replace the red baryons with mirror matter and we need no reflecting surface at all, 
because the radiation of mirror photons (which keeps all energy balances) is harmless for 
blue baryons. There is no effect of heating. 

When one compresses gas it heats up - but only if it is already hot, T > 0, ^S" > 0. If 
one compresses adiabatically then T grows, but S — const. If we lose heat, then T may still 
grow, but S goes down (like in classical stars). Here I always mean S per unit baryon. 

But now we discuss the case of cold objects, T = 0, S = 0. Whichever strong compression, 
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T does not grow US — const. It remains zero. To increase T one must have a strong non- 
adiabatic process, because S must grow. Slow accretion of mirror baryons is an adiabatic 
process for 0-neutron star, hence no growth of T whichever deep potential well develops. 
One must produce a shock wave, or something like this, to heat it up. 

Let us consider a charged ball of mass 0.1 kg falling in terrestrial gravity and zero electric 
field E = into a potential well (a dielectric hole) from 1 m. It must emit around one J until 
it comes to rest and to a cold state at the bottom of the well. Now let us switch on E 7^ of 
such a strength that the potential well is much deeper, say 100 J. Now, after the falling, the 
ball must emit 100 J. Finally, let us take the situation similar to an accreting neutron star: 
let us have the ball already at the bottom of the well in case of E = (this is our neutron 
star and zero admixture of MM) and then let us start increasing E slowly (adiabatically!) 
- this is the analog of slow accretion of MM particles and adiabatic change of gravity - the 
ball comes to a very deep potential well of 100 J. But it emits virtually nothing: it feels only 
adiabatic compression by electrostatic force, and if its temperature was T = K initially, it 
will remain so forever! The same must be for the neutron star accreting MM. 

If the reader does not like the electric field, one can do the same Gedankenexperiment in 
a potential well with artificial gravity (say in an accelerated laboratory, changing the force 
of engines adiabatically, i.e. slowly). 

To make my counterexamples extreme let us take one 0-atom, say of H and put it inside 
a cloud of rarefied M-matter. Let the M-cloud eventually to collapse to a star, and then to 
an M-neutron star with our atom in its center. It is still cold but it is in a deep potential 
well, like a 100 MeV/baryon solely due to the gravity of M-baryons. We need this order 
of energy to pull it out of the well. Do we need any process for our atom to emit 10 % of 
its mass? No, it could not do so. It was never excited. The energy was surely emitted by 
M-baryons in their M-photons, neutrinos etc. because they had to stop during accretion. 

This is clear also in quantum language: any system in a ground state will stay in this 
state when the potential changes adiabatically. There are no excitations, no heating unless 
there are non-adiabatic perturbations. 

That is why the Hawking radiation of black holes is so weak (if any) : the adiabaticity of 
virtual modes can be violated only for wavelengths of order Rg, hence such a low T of a BH 
(due to Wien law for a wavelengths of a few km) for stellar masses. 

The limits on neutron star heating by accretion of mirror baryons and other intersing 



15 



effects are discussed more quantitatively in tlie paper [61]. 

7. MICROLENSING 

Invisible stars can be found by effect of microlensing. Those objects are called now 
MACHOS. Below I will write MACHO for "Massive Astrophysical Compact Halo Object" and 
MACHO for the collaboration [62] studying them . For mirror stars the effect of microlensing 
as a means to discover them was discussed in [63-65]. The difference with macrolensing is 
that the image is not resolved, the effect is in the enhancement of the detected flux of the 
lensed object due to the passage of the lens across the line of sight. 

The MACHO results [62] of photometry on 11.9 million stars in the Large Magellanic 
Cloud (LMC) has revealed 13 - 17 microlensing events. This is significantly more than the 
~ 2 to 4 events expected from lensing by known stellar populations. If true, this points to 
the existence of stellar-like invisible objects in halo of Milky Way, perhaps MM stars. 

Not all DM in the halo may be in macho, only a fraction, usually denoted by /. MACHO 
group (LMC) has given for the halo fraction 0.08 < / < 0.50 (95% CL) to MACHOS in the 
mass range O.15M0 < M < 0.9Mq. EROS collaboration has placed only an upper limit on 
the halo fraction, / < 0.2 (95% CL) for objects in this mass range. Later they have given 
/ < 0.1 for 1O"^M0 < M < IMq (see refs. in [66]). AGAPE collaboration (working on 
microlensing of M31 - Andromeda galaxy) finds the halo fraction in the range 0.2 </ < 0.9. 
(See [67] where arguments are given in favor of true halo machos against self-lensing by 
ordinary stars in M31.) The MEGA collaboration marginally confiicts with them finding a 
halo fraction / < 0.3 [68] . 

Thus, the results of different groups are partly conflicting and quite confusing for a the- 
orist. Some workers even declared the End of MACHO Era (1974-2004), e.g. [69]. 

Based on the results of MACHO group Bennett [70] has concluded that machos are real 
and lensing optical depth is r = (1.0 ± 0.3) x 10~^ . This is not far away from the old 
MACHO value of r = 1.2 x 10"^, but the error is so large that it is within < 2a of the 
effect from ordinary stellar populations alone [71]. Evans and Belokurov [71] confirm lower 
number (optical depth r) of MACHOs to the LMC from EROS [66] collaboration, who have 
reported r < 0.36 x 10^^. But there is a new paper of the same group - in favor of machos 
from binary star studies [72] putting arguments against the pessimistic conclusions of [69]. 
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Most recent study with HST (Hubble Space Telescope) follow-up shows that MACHO 
collaboration data are not contaminated by background events [73], and this adds some 
optimism to those who believe that invisible stars do exist. 

Microlensing results do not allow us to have too many invisible stars. Let us take their 
local density like 8-lO~'^M0/pc^ (solar masses per cubic parsec), i.e. two orders of magnitude 
lower than the number 0.076 ± O.OISMq/pc^ given by Hipparchos satellite from accurate 
studies of dynamics of visible stars. 

If about half of them are white dwarfs (this is quite likely in MM-sector) then we may 
have ~ 2 • 10^ mirror white dwarfs within 100 pc - just one order less than visible white 
dwarfs (Holberg et al. [74]) - and the chances to find a few of them very close to us appear 
nonzero. 

8. LIMITS ON SELF-INTERACTING DM 

Recently the cluster of galaxies IE 0657-558 ("Bullet" cluster) has drawn general attention. 
It is an example of collision of two clusters, which gives new clues to the proof of reality 
of DM and pauses difficulties for alternatives to DM like modified gravity (MOND). Here 
it is clear that the DM distribution, which is traced by the effect of lensing, follows the 
distribution of stars and galaxies (which are effectively a collisionless gravitating gas) and is 
shifted from hot X-ray emitting gas which dominates the baryon mass in the cluster [75-77]. 

Many physicists tend to use this example as a direct proof of a small cross-section of self- 
interaction of DM particles. In reality it proves only what is observed and nothing more: DM 
behaves like ordinary stars which interact only by gravity and form a collisionless matter. 
But of course 0-stars are made of strongly and electromagnetically interacting particles. 

Let us take another example, the cluster MACS J0025. 4-1222 which is similar to the 
Bullet cluster. It is found there that the DM cross-section obeys the limit a/m < 4 cm^g~^ 
[78]. But this limit would be true for DM particles only if they do not form bound objects! 
If DM there is anything like our normal solid bodies, say ice with density like 1 g cm~^ with 
the size r larger than a few cm, then this limit is very well satisfied (cr is oc r^, while mass 
is oc r^). 

So if the properties of DM particles are similar to our particles, and they are able to 
form stars, planets, asteroids, etc. (like MM), then all observations of the merging clusters 
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are reproduced. However, we have to squeeze a major fraction of MM particles into those 
compact objects, not leaving a large fraction in the form of gas like we have in OM in clusters 
of galaxies where the 0-gas dominates in baryon component. 

Dark matter in the Abell 520 cluster presents another case, difficult for CDM with WIMPs. 
In contrast to the Bullet cluster, the lensing signal and the X-ray emission coincide here, 
and are away from galaxies indicating that DM is collisional like in 0-gas: ". . .a mass peak 
without galaxies cannot be easily explained within the current collisionless dark matter 
paradigm" [79]. Thus Abell 520 cluster indicates a significant self-interaction cross-section. 
In MM model we may get this leaving a major fraction of DM in form of gas. "It is hard 
for the WIMP based dark matter models to reconcile such a diverse behaviour. Mirror dark 
matter models, on the contrary, are more fiexible and for them diverse behaviour of the dark 
matter is a natural expectation" [52]. 

L.B.Okun said: "MIRSY Dark Matter is richer than SUSY Dark Matter". 

Other interesting examples, like Hoag's object, are also discussed by Silagadze [52]. 

9. CONCLUSIONS 

I can draw a few conclusions from the above sketchy notes, anyway, some of them are 
important in general studies of Dark Matter candidates. 

It is clear that the concepts of virial velocity or virial temperature are not always relevant. 

One should not use the limits on self-interaction cross-sections derived from observations 
of colliding clusters as cross-sections for individual particles: they may form macroscopic 
bodies. 

The effect of the heating of OM interstellar medium by MM neutron stars and white 
dwarfs is very weak but may be observable. One has to search for weak but high proper 
motion peculiar objects, especially in radio-range. Relation of these problems to RadioAstron 
mission and LOFAR [80] may be discussed and requires a detailed modeling. Peculiar binaries 
with low luminosity components, especially in star clusters, are also interesting. 

The effect of the heating of OM neutron stars by accretion of M-baryons is negligible. 

There are several arguments in favor for MM (or other hidden sector DM) search: 



- Non-detection of WIMPs. 
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- Unknown properties of DM particles with respect to clustering on stellar-size and mass 
scale. 

- Microlensing: lack of normal stars to explain MACHO events. 

- Clusters of galaxies like Abell 520 which are hard to explain in pure CDM picture. 

- New kinds of mysterious transients like reported by K. Barbary et ai, [81] may be 
explained by MM objects [61], anyway it must be a very unusual accretion event [82]. 

- One may speculate on possible MM life and intelligence (L.B.Okun, N.S.Kardashev). 

MM-baryons may form stellar-mass/size compact objects, so they are interesting for mi- 
crolensing, however, the current situation with observational data on machos is not satis- 
factory: there are conflicting results of different groups. It seems that total DM halo mass 
in Galaxy cannot be explained by invisible stars, then more probable model for DM is a 
combination CDM+MM, or WDM+MM, where WDM is Warm Dark Matter. WDM may 
be, e.g., a sterile neutrino (with mass few keV) or gravitino [83-86]. 

Another window into the Mirror World may be photon - mirror photon mixing. There are 
strong limits on this mixing: orthopositronium experiments put an upper limit e < 1.55-10''^ 
(90% C.L.) [87]. Nevertheless, even smaller value of e ~ lO"'^ can explain DAMA/LIBRA 
experiments [38]. One should analyze experiments like DAM A, taking into account this 
option, and if e 7^ look for transformation of invisible mirror photons into visible ones. 
Other exotic effects are possible for e 7^ 0, e.g. MM e~e"'" transformations into OM e~e~^ 
in M-pulsar, or a mirror magnetar, looking as a peculiar object with strong B ~ 10^ G 
(D.Kompaneets). 

I have not discussed cosmological evolution of MM. It is not clear a priori that pure 
MM can give sufficient amplitude of perturbations to provide the "DM boost" for visible 
matter structure formation: on the first glance, it seems that MM has a relatively short 
period of life in radiation-dominated era (contrary to WIMPs) when there is a logarithmic 
growth of perturbations. Nevertheless, MM is able to replace Cold Dark Matter (CDM) 
in evolution of perturbations [63, 88, 89]. The question was analyzed in detail in [88, 89] 
for various mixtures of MM and CDM. It is demonstrated [89] that the LSS (Large-Scale 
Structure) spectrum is sensitive to MM parameters, due to oscillations in mirror baryons 
and the collisional mirror Silk damping. If Tmm < 0.3Tom in Early Universe then M-baryons 
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will decouple from M-radiation before horizon crossing, and then as soon as they enter 
horizon, they do not oscillate, but grow exactly as CDM would do in radiation-dominated 
universe. Then CMB and LSS power spectra in linear regime are equivalent for mirror and 
CDM cases. For Tmm > O.STqm the LSS spectra strongly depend on the amount of mirror 
baryons, but for lower Tmm the entire dark matter could be made of mirror baryons given 
current observational limits on the CMB and LSS spectra. 

Due to lower Tmm a larger fraction of mirror He is produced in cosmological nucleosyn- 
thesis, than in OM, hence faster stellar evolution follows [65]. It may result in lower fraction 
of MM intergalactic gas which is needed for explaining cases similar to Bullet cluster. 

ACKNOWLEDGMENTS 

This paper is written for a special issue of Yadernaya Fizika (Physics of Atomic Nuclei) 
dedicated to 80th birthday of L.B. Okun. I am very deeply grateful to Lev Borisovich 
for his lectures, books, joint work, and numerous discussions which always are a source of 
inspiration. 

The paper is partly based on my talk at a conference "Radio Universe at Ultimate 
Angular Resolution" [90] and I am grateful to X.S.Kardashev for his invitation and en- 
couragement. I thank M.I.Vysotsky, V.Lukash, D.Kompaneets, Z.Berezhiani, Z.Silagadze, 
A.Kusenko, P.Ciarcelluti, F.Sandin, for discussions and correspondence. My work is sup- 
ported by IPMU, University of Tokyo, via World Premier International Research Center 
Initiative (WPI), MEXT, Japan. I am grateful to K.Nomoto and H.Murayama for their 
kind hospitality. The work in Russia is partly supported by the Russian Foundation for Ba- 
sic Research grant RFBR 07-02-00830-a and by Russian Scientific School Foundation under 
grants NSh-2977.2008.2. NSh-3884.2008.2. 



20 



REFERENCES 



1. F. Zwicky, Helvetica Physica Acta 6, 110 (1933). 

2. A. Einstein, Science 84, 506 (1936). 

3. O. Chwolson, Astronomische Nachrichten 221, 329 (1924). 

4. F. Zwicky, Physical Review 51, 290 (1937). 

5. F. Zwicky, Physical Review 51, 679 (1937). 

6. G. A. Tikhov, Dokl. Akad. Nauk. S.S.S.R. 16, 199 (1937). 

7. G. A. Tikhov, Izvestiya Glavnoj Astronomicheskoj Observatorii v Pulkove 16 (1938). 

8. S. Refsdal, Mon.Not.Roy.Astron.Soc. 128, 295 (1964). 

9. S. Liebes, Physical Review 133, 835 (1964). 

10. A. V. Byalko, Astron.Zh. 46, 998 (1969). 

11. A. V. Byalko, Soviet Astronomy 13, 784 (1970). 

12. A. V. Gurevich, K. P. Zybin, and V. A. Sirota, Physics Letters A 214, 232 (1996). 

13. A. V. Gurevich, K. P. Zybin, and V. A. Sirota, Uspekhi Fizicheskikh Nauk 40, 869 (1997). 

14. A. V. Gurevich, K. P. Zybin, and V. A. Sirota, Physics Uspekhi 40, 869 (1997). 

15. A. F. Zakharov, Physics of Particles and Nuclei 39, 1176 (2008). 

16. F. Zwicky, Astrophys.J. 86, 217 (1937). 

17. H. W. Babcock, Lick Observatory Bulletin 19, 41 (1939). 

18. J. Einasto, ArXiv e-prints (2009), 0901.0632. 

19. S. van den Bergh, The Publications of the Astronomical Society of the Pacific 111, 657 (1999), 
arXiv:astro-ph/9904251. 

20. A. Biviano, in Constructing the Universe with Clusters of Galaxies (2000), arXiv:astro- 
ph/0010409. 

21. M. S. Roberts, in Frontiers of Astrophysics: A Celebration of NRAO's 50th Anniversary, edited 
by A. H. Bridle, J. J. Condon, and G. C. Hunt (2008), vol. 395 of Astronomical Society of the 
Pacifi,c Conference Series, pp. 283 — h. 

22. A. A. Starobinskii, Soviet Journal of Experimental and Theoretical Physics Letters 30, 682 
(1979). 

23. A. A. Starobinskij, Physics Letters B 91, 99 (1980). 



21 



24. V. F. Mukhanov and G. V. Chibisov, Soviet Journal of Experimental and Theoretical Physics 
Letters 33, 532 (1981). 

25. K. Sato, Mon.Not.Roy.Astron.Soc. 195, 467 (1981). 

26. A. A. Starobinskij, Physics Letters B 117, 175 (1982). 

27. A. H. Guth and S.-Y. Pi, Physical Review Letters 49, 1110 (1982). 

28. A. A. Starobinskii, Soviet Astronomy Letters 9, 302 (1983). 

29. A. A. Starobinskii, Soviet Journal of Experimental and Theoretical Physics Letters 42, 152 
(1985). 

30. B. Craps, T. Hertog, and N. Turok, ArXiv e-prints (2007), 0712.4180. 

31. A. V. Gurevich and K. P. Zybin, Physics Uspekhi 38, 2 (1995). 

32. A. V. Gurevich and K. P. Zybin, Soviet Physics Uspekhi 38, 687 (1995). 

33. G. Steigman, Annual Review of Nuclear and Particle Science 57, 463 (2007), 0712.1100. 

34. D. N. Spergel, R. Bean, O. Dore, M. R. Nolta, C. L. Bennett, J. Dunkley, G. Hinshaw, 
N. Jarosik, E. Komatsu, L. Page, et ai, Astrophys.J. Suppl. 170, 377 (2007), arXiv:astro- 
ph/0603449. 

35. G. G. Raffelt, in 1997 European School of High- Energy Physics, p. 235 - 278 (1998), pp. 235- 
278. 

36. G. Raffelt, in The Dark Universe in Munich (2004), URL http://library.mppinu.mpg.de/ 
webdocs/conf /conf doc/DUM04/Raf f elt_DUM . pdf . gz. 

37. I. Y. Kobsarev, L. B. Okun, and I. Y. Pomeranchuk, Sov. J. Nucl. Phys. 3, 837 (1966), Yad. 
Fiz. 3, 1154 (1966), in Russian. 

38. R. Foot, Phys. Rev. D 78, 043529 (2008), 0804.4518. 

39. T. D. Lee and C. N. Yang, Physical Review 104, 254 (1956). 

40. J. L. Feng, H. Tu, and H.-B. Yu, Journal of Cosmology and Astro-Particle Physics 10, 43 
(2008), 0808.2318. 

41. L. B. Okun, Zhurnal Eksperimentalnoi i Teoreticheskoi Fiziki 79, 694 (1980). 

42. L. B. Okun', Soviet Journal of Experimental and Theoretical Physics 52, 351 (1980). 

43. S. I. Blinnikov and M. Y. Khlopov, Invisible objects inside the Sun and near the Solar system?, 
Preprint ITEP-126 (1980). 

44. S. I. Blinnikov and M. Y. Khlopov, Yad.Fiz. 36, 809 (1982). 

45. S. I. Blinnikov and M. Y. Khlopov, Sov. J. Nucl. Phys. 36, 472 (1982). 



22 



46. S. I. Blinnikov and M. Y. Khlopov, Astron.Zh. 60, 632 (1983). 

47. S. I. Blinnikov and M. Y. Khlopov, Soviet Astronomy 27, 371 (1983), Astron.Zh. , 60, 632-639. 

48. Z. Berezhiani, D. Comelh, and F. L. Villante, Physics Letters B 503, 362 (2001), arXiv:hep- 
ph/0008105. 

49. Z. Berezhiani, P. Ciarcelluti, D. Comelli, and F. L. Villante, International Journal of Modern 
Physics D 14, 107 (2005), arXiv:astro-ph/0312605. 

50. R. Foot, International Journal of Modern Physics D 13, 2161 (2004), arXiv:astro-ph/0407623. 

51. L. B. Okun', Physics Uspekhi 50, 380 (2007), arXiv:hep-ph/0606202. 

52. Z. K. Silagadze, ArXiv e-prints (2008), 0808.2595. 

53. V. Fock, Zeitschrift fur Physik 63, 855 (1930). 

54. L. M. Widrow and N. Kaiser, Astrophys.J. Lett. 416, L71+ (1993). 

55. R. Johnston, A. N. Lasenby, and M. P. Hobson, ArXiv e-prints (2009), 0904.0611. 

56. G. S. Bisnovatyi-Kogan and I. D. Novikov, Soviet Astronomy 24, 516 (1980). 

57. R. Edgar, New Astronomy Review 48, 843 (2004), arXiv:astro-ph/0406166. 

58. A. F. Illarionov, Astron.Zh. 62, 1080 (1985). 

59. A. F. Illarionov, Soviet Astronomy 29, 630 (1985). 

60. G. S. Bisnovatyi-Kogan, Y. M. Kazhdan, A. A. Klypin, A. E. Lutskii, and N. I. Shakura, Soviet 
Astronomy 23, 201 (1979). 

61. F. Sandin and P. Ciarcelluti, ArXiv e-prints (2008), 0809.2942. 

62. C. Alcock, R. A. Allsman, D. R. Alves, T. S. Axelrod, A. C. Becker, D. P. Bennett, K. H. 
Cook, N. Dalai, A. J. Drake, K. C. Freeman, et al, Astrophys.J. 542, 281 (2000), arXiv:astro- 
ph/0001272. 

63. Z. G. Berezhiani, A. D. Dolgov, and R. N. Mohapatra, Physics Letters B 375, 26 (1996), 
arXiv:hep-ph/9511221. 

64. S. I. Blinnikov, ArXiv Astrophysics e-prints (1998), arXiv:astro-ph/9801015. 

65. Z. Berezhiani, P. Ciarcelluti, S. Cassisi, and A. Pietrinferni, Astroparticle Physics 24, 495 
(2006), arXiv:astro-ph/0507153. 

66. P. Tisserand, L. Le Guillou, C. Afonso, J. N. Albert, J. Andersen, R. Ansari, E. Aubourg, 
P. Bareyre, J. P. Beaulieu, X. Chariot, et al., Astron.Astrophys. 469, 387 (2007), arXiv:astro- 
ph/0607207. 

67. A. Riffeser, S. Seitz, and R. Bender, Astrophys.J. 684, 1093 (2008), 0805.0137. 



23 



68. G. Ingrosso, S. Calchi Novati, F. de Paolis, P. Jetzer, A. A. Nucita, G. Scarpetta, and 
F. Strafella, Astron.Astrophys. 462, 895 (2007), arXiv:astro-ph/0610239. 

69. J. Yoo, J. Chaname, and A. Gould, Astrophys.J. 601, 311 (2004), arXiv:astro-pli/0307437. 

70. D. P. Bennett, Astrophys.J. 633, 906 (2005), arXiv:astro-ph/0502354. 

71. N. W. Evans and V. Belokurov, Mon.Not.Roy.Astron.Soc. 374, 365 (2007). 

72. D. P. Quinn, M. I. Wilkinson, M. J. Irwin, J. Marshall, A. Koch, and V. Belokurov, ArXiv 
e-prints (2009), 0903.1644. 

73. C. A. Nelson, A. J. Drake, K. H. Cook, D. P. Bennett, P. Popowski, N. Dalai, S. Nikolaev, 

C. Alcock, T. S. Axelrod, A. C. Becker, et al, ArXiv e-prints (2009), 0902.2213. 

74. J. B. Holberg, E. M. Sion, T. Oswalt, G. P. McCook, S. Foran, and J. P. Subasavage, Astron.J. 
135, 1225 (2008). 

75. D. Clowe, A. Gonzalez, and M. Markevitch, Astrophys.J. 604, 596 (2004), arXiv:astro- 
ph/0312273. 

76. D. Clowe, M. Bradac, A. H. Gonzalez, M. Markevitch, S. W. Randall, C. Jones, and D. Zaritsky, 
Astrophys.J. Lett. 648, L109 (2006), arXiv:astro-ph/0608407. 

77. M. Bradac, D. Clowe, A. H. Gonzalez, P. Marshall, W. Forman, C. Jones, M. Markevitch, 
S. Randall, T. Schrabback, and D. Zaritsky, Astrophys.J. 652, 937 (2006), arXiv:astro- 
ph/0608408. 

78. M. Bradac, S. W. Allen, T. Treu, H. Ebeling, R. Massey, R. G. Morris, A. von der Linden, and 

D. Applegate, Astrophys.J. 687, 959 (2008), 0806.2320. 

79. A. Mahdavi, H. Hoekstra, A. Babul, D. D. Balam, and P. L. Capak, Astrophys.J. 668, 806 
(2007), 0706.3048. 

80. H. D. Falcke, M. P. van Haarlem, A. G. de Bruyn, R. Braun, H. J. A. Rottgering, B. Stappers, 
W. H. W. M. Boland, H. R. Butcher, E. J. de Geus, L. V. Koopmans, et al, Highlights of 
Astronomy 14, 386 (2007), arXiv:astro-ph/0610652. 

81. K. Barbary, K. S. Dawson, K. Tokita, G. Aldering, R. Amanullah, N. V. Connolly, M. Doi, 
L. Faccioh, V. Fadeyev, A. S. Fruchter, et al, Astrophys.J. 690, 1358 (2009), 0809.1648. 

82. N. Soker, A. Frankowski, and A. Kashi, ArXiv e-prints (2008), 0812.1402. 

83. A. Kusenko, Nuclear Physics B Proceedings Supplements 173, 24 (2007), arXiv:astro- 
ph/0609375. 

84. D. Gorbunov, A. Khmelnitsky, and V. Rubakov, Journal of High Energy Physics 12, 55 (2008), 



24 



0805.2836. 

85. D. Gorbunov, A. Khmelnitsky, and V. Rubakov, Journal of Cosmology and Astro-Particle 
Physics 10, 41 (2008), 0808.3910. 

86. D. Boyanovsky, Phys. Rev. D 78, 103505 (2008), 0807.0646. 

87. A. Badertscher, P. Crivelli, W. Fetscher, U. Gendotti, S. N. Gninenko, V. Postoev, A. Rubbia, 
V. Samoylenko, and D. Sillou, Phys. Rev. D 75, 032004 (2007), arXiv:hep-ex/0609059. 

88. P. Ciarcelluti, International Journal of Modern Physics D 14, 187 (2005), arXiv:astro- 

ph/0409630. 

89. P. Ciarcelluti, International Journal of Modern Physics D 14, 223 (2005), arXiv:astro- 
ph/0409633. 

90. S. I. Blinnikov, in Radio Universe at Ultimate Angular Resolution (2008), URL http:// 
radioastron . ru/index2 . php?engdep=12&meet=3. 



